Deuterium eH) NMR relaxation plays a major role in the study of lipid reorientational dynamics, with the angular dependence of the relaxation rates providing a novel and critical test of proposed motional models. Spin-lattice relaxation rates (R 1z ) were measured for macroscopically oriented bilayers of 1,2-diperdeuteriolauroyl-sn-glycero-3-phosphocholine in the liquid-crystalline (La) phase. The results for different positions along the chain (index i) were dependent on the angle () between the macroscopic bilayer normal and the static external magnetic field, and allowed the anisotropy of R~~ to be determined for nine resolved quadrupolar resonances. Angular-dependent relaxation data were evaluated using simple models of anisotropic rotational diffusion within an odd or even potential of mean torque as a framework for describing (i) segmental reorientations of the chains, or alternatively (ii) noncollective molecular motions within the bilayer. Moreover, (iii) a simple quasi-hydrodynamic formulation involving collective fluctuations of a local director axis was considered (continuum model). For segmental motions the static electric field gradient (EFG) tensor due to the electronic structure of the C-2 H bond is averaged by local reorientations of the acyl chains, e.g., due to trans-gauche rotational isomerizations and/or torsional oscillations. The second and third formulations assume the static EFG tensor is preaveraged by local motions, yielding a residual EFG tensor which is further modulated by order fluctuations due to relatively slow motions of larger amplitude; separation of time scales is implicit. The latter treatments differ in that the molecular model allows for variation in both the principal values and principal axes of the residual EFG tensor, and includes the possibility of a nonzero effective asymmetry parameter rJeff' By contrast, the collective model considers an axially symmetric residual EFG tensor (rJeff=O), in which the relatively slow motions are described in terms of continuum fluctuations of a local director axis within the small-angle approximation. Each of the three models can account for the observed angular anisotropy of the R~~ relaxation rates along the chains to a greater or lesser degree of success, depending on the number of adjustable parameters. The collective formulation has the fewest parameters and may be an oversimplification for description of the relaxation anisotropy. In addition, for each bilayer orientation, profiles of the relaxation rates Rl~ and order parameters Isgbl as a function of acyl position exhibited a square-law functional dependence within experimental error. This observation points to an influence on the relaxation arising from relatively slow fluctuations in the order gradient set up along the chains by faster internal motions, viz. order fluctuations due to non collective molecular motions or collective excitations of the bilayer. Finally, the rather small contribution from local internal motions suggests that the micro viscosity of the bilayer interior corresponds to essentially liquid hydrocarbon. These new results illustrate the utility of R~il angular anisotropies of phospholipids having perdeuterated acyl chains in experimental and theoretical investigations of molecular dynamics in liquid-crystalline bilayers. The implications of the findings in relation to previous biophysical studies of membranes are discussed.
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I. INTRODUCTION
The investigation of equilibrium and dynamical properties of phospholipid bilayers and their role in the biochemical activities of membranes has witnessed increased interest over the years. where X is the quadrupolar coupling constant), then line shape analysis can yield insight regarding the time scales and mechanisms of the lipid dynamics. 16 In the liquid-crystalline (La) phase, however, a majority of the reorientational rates occur within the fast-limit regime (pu Q)' allowing only equilibrium bilayer properties to be accessible through study of motionally averaged 2H NMR line shapes. The elucidation of dynamical properties in La phase bilayers is then possible through measurement and interpretation of their nuclear spin relaxation rates, which are sensitive to these faster motions.
Spin-lattice relaxation rate (R IZ) measurements have provided the major source of dynamical information, and have encompassed investigations of phospholipid lamellar phases as a function of temperature, 17-22 magnetic field strength, 10,23,24 and acyl chain positionY-22,25-27 A variety of dynamical models have been proposed to interpret such relaxation experiments, which include (i) segmental or internal fluctuations,19,20,22,27-35 (ii) molecular reorientation (noncontinuum model), 22,27-38 (iii) collective fluctuations of the bilayer (continuum model), 24,28,29,39-42 and (iv) 26,28,29,3I,32,43 or alternatively hopping among discrete sites. 27 ,44 Molecular and Brownian dynamics computer simulations 3l ,35,46-48 as well as master equation methods 32 have provided extension of the above approaches. In addition, collective fluctuations have been treated in terms of reorientation of an instantaneous director axis using a hydrodynamiclike formalism 28 , 39, 40, 42 as originally presented for liquid crystals. 49 -51 Yet the interpretation of experimentally observed relaxation rates within these different conceptual frameworks has been problematic, with several key questions concerning the nature of lipid dynamics still remaining.
In the analysis of experimental relaxation studies of membrane constituents it may thus be desirable to investigate general aspects before embarking on more specific formulations. 52 Present knowledge indicates the 2H nuclear spin relaxation is governed by fluctuations in the orientation of the electric field gradient (EFG) tensor associated with the c-2H bonds of the labeled molecules with respect to the main external magnetic field. 26 ,53,54 These fluctuations are in tum related to the forces which underlie the physical properties of assemblies of phospholipids in the lamellar phase. In terms of time-dependent perturbation theory, the relaxation is governed by the irreducible spectral densities of motion in the laboratory frame which correspond to temporal fluctuations of the EFG tensor. 55 ,56 The relaxation rates depend on the amplitUdes, rates, and types of motions within the membrane bilayer, namely the mean-squared amplitudes and reduced spectral densities characterizing the dynamics. Both the mean-squared amplitudes and reduced spectral densities, i.e., motional correlation times, depend on the degree of orientational ordering. It follows that in ordered media comprising thin films of amphiphiles, one must disentangle the above influences as a means of investigating their equilibrium and dynamical properties?6 One viewpoint l9 is that the mean-squared amplitudes largely reflect the static EFG tensor associated with the C-2H bonds. In this case the relaxation rates along the lipid acyl chains are mainly governed by the reduced spectral densities,26 which can be interpreted in terms of local segmental motions, e.g., segmental reorientations involving the C-2 H-Iabeled groups due to transgauche isomerizations. An alternative 28 is that the local motions pre average the static tensor to yield a residual EFG tensor, whose principal values and principal axes vary with the acyl segment position. 33 Here, the local mean-squared amplitudes influence the relaxation profile along the chains, whereas the reduced spectral densities are due to relatively slow motions in the MHz range which modulate the residual tensor left over from the faster motions. These relatively slow order fluctuations can arise from molecular reorientations, or alternatively collective excitations of the hydrocarbon chains within the bilayer assembly can be important.
How can one further distinguish between the above interpretations of the NMR relaxation rates of lipid bilayers in the liquid-crystalline (La) state? One quantity that may help differentiate among reorientational models is the dependence of the relaxation on the angle (J between the director axis (i.e., the macroscopic bilayer normal) and the static external magnetic field. 15 ,26,27.33,34,36-39,42,57-61 Such measurements of the angular anisotropy of the relaxation rates can provide novel information regarding the orientation of the coupling tensor within the frame modulated by the motion. Hence one can investigate the correspondence of the principal axes and principal values of the coupling tensor to either the segment, molecule, or bilayer as a means of further identifying the origin of the relaxation. Knowledge of the motional meansquared amplitudes can then be combined with parallel studies of the relaxation frequency dependence lO • 24 to obtain further information about the functional form of the reduced spectral densities. Paradoxically, early studies of the angular dependence of R IZ revealed little appreciable anisotropy for oriented 26 and randomly oriented 25 ,57 multilamellar lipid dispersions in the L a phase. For random dispersions the above was attributed to orientational averaging of the anisotropy by lateral diffusion of lipid molecules about the curved surfaces of liposomes during the time scale of the NMR experiment. 57 However, subsequent investigations of cerebroside 27 and phospholipid/cholesterol bilayers 36 . 37 revealed angularly anisotropic R IZ relaxation rates, due presumably to a change in the rate of lateral diffusion and/or the liposome size or shape. Macroscopically oriented bilayers have also been studied where the averaging due to lateral diffusion is largely eliminated. Investigations of specifically deuterated 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) oriented on planar substrates have indicated a weak or negligible angular anisotropy of the 2H spin-lattice relaxation,34,58 consistent with earlier work?6 Moreover, 2H NMR measurements of oriented lipid/cholesterol bilayer mixtures have demonstrated a significant angular anisotropy of the R IZ rates for the acyl chains in contact with the rigid sterol frame, as well as the 2H-Iabeled cholesterol molecule itself. 15 . 34 .59.6o These angular-dependent 2H NMR studies of oriented phospholipid bilayers have been recently extended to include determinations of both the spin-lattice (R IZ) and quadrupolar order (R IQ) relaxation rates of lipid lamellar phases. 15.34, 61 The relatively weak angular dependence of the R lZ relaxation rates of pure lipid bilayers within the MHz regime 26 ,34,39.58 is compatible with a model in which the major contribution to the relaxation comes from local segmental motions or noncollective molecular motions. By contrast, the anisotropy predicted by an approximate continuum model for relatively slow collective fluctuations in terms of a single elastic constant 28 does not explain the data as well, indicating that such a formulation may be an oversimplification. Finally, 2H transverse relaxation rate (R 2 ) measurements for DMPC with specifically deuterated acyl chains utilizing the CarrPurcell-Meiboon-Gill sequence have been interpreted in terms of collective order-director fluctuations as the domina1lt relaxation mechanism within the kHz regime, whereas the spin-lattice relaxation (R IZ) at MHz frequencies is governed by molecular motions. 42 Clearly further experimental measurements of the dependence of the relaxation rates on bilayer orientation and frequency (magnetic field strength) are needed as a means of testing various paradigms for the dynamics of membranes. The majority of investigations of the orientational anisotropy of the relaxation have utilized specifically labeled lipids, enabling the head group or acyl chain dynamics to be probed at one or only a few segments within the acyl chains. This paper reports the first complete angular dependence of the 2H spin-lattice relaxation rates R IZ as a function of chain position for macroscopicaIIy oriented liquid-crystaIIine phospholipid bilayers, viz. 1,2-diperdeuteriolauroyl-sn-glycero-3-phosphocholine . By utilizing lipids having perdeuterated acyl chains, the spin-lattice relaxation rates for essentially the entire hydrocarbon region can be obtained simultaneously. We have obtained new evidence suggesting the relaxation is governed by fluctuations in the order gradient set up along the chains by faster segmental motions, that is by order fluctuations due to molecular motions or coHective thermal excitations of the bilayer. 28 These results yield information regarding the molecular dynamics and equilibrium properties of the entire hydrocarbon region of membranous phospholipids. Aspects of the theoretical formulation and analysis have appeared in preliminary form. 15,33
II. THEORY

A. Quadrupolar Hamiltonian
The coupling between the quadrupolar moment and the electric field gradient for a spin I = I nucleus is described by the Hamiltonian operator,62
where eQ is the nuclear quadrupole constant. Here the dimensions correspond to angular velocity and all symbols have their customary meanings; yi,;) and 0';) are secondrank irreducible spherical tens~rs, corresponding to the nuclear spin angular momentum I operators and the electric field gradient (EFG) tensor V, respectively. The spin angular momentum is quantized in the static external magnetic field (denoted lab), and the corresponding irreducible tensor operators are defined by63 In the above expressions, the asymmetry parameter 17=(Vyy -Vxx)IV zz describes the deviation of the EFG tensor from axial symmetry, and o=Vzz=eq specifies the largest principal component of the electric field gradient. We have adopted the convention in the classic review of Haberlen 64 that IVzzl~lVxxl~lvYYI, where LkVkk=O so that 17E [O,l] .
In what foHows the definitions of Brink and Satchler 65 are used for the Wigner rotation matrices, D~~m(n) = e-imlad~!m(f3)e-im'Y; here (m' ,m) are generalized projection indices, j is the angular momentum, n= (a,/3,y) are generalized Euler angles, and the elements of the reduced rotation matrix are indicated by d~! m (/3). Note that D~6(n)=d~6(f3)=Pj(cos /3), where P j is a Legendre polynomial of rank j. The irreducible components of the EFG tensor in the laboratory frame and the PAS are related by 2 V:;)lab= 2: V~2)PASD~;;;(nPL), (2.4) s=-2 where n PL = (a PL ,/3 PL , y PL) are the Euler angles describing active transformation 65 of the irreducible components from the principal axis system (P) to the laboratory frame (L) . The observed quadrupolar frequencies vQ and vQ correspond to the allowed single-quantum 10)-+1-1) and 1 + 1)-+10) transitions, respectively. They are given to firstorder in terms of the expectation values of the secular part (m =0) of the static quadrupolar Hamiltonian 55 ,56.66 IM(t) transform from the internal frame into the molecule-fixed system of the rotational diffusion tensor; angles fl. MN(t) specify rotation from the molecular frame to the coordinate system of the instantaneous director n(t); angles fl.ND(t) represent transformation from the instantaneous director frame to the average director or macroscopic bilayer normal no; and finally angles fl.DL indicate the fixed transformation from the average director to the laboratory coordinate frame, i.e., static external magnetic field, in which (aDL ,f3DL)== (q,,8) . With use of an irreducible representation together with properties of the group of rotations, one can analyze multiple motions in a relatively straightforward manner.
axially symmetric (1]=0) only the tensor element V&2)PAS is nonzero, allowing the first-order quadrupolar frequencies to be written as (2.6) In Eq. (2.6), one has that D&2Jeo'PL)=P 2 (cos fiPL) = H3 cos 2 fiPL -1) where P 2 is the second Legendre polynomial.
B. Motional averaging
When motion is present, the irreducible components of the electric field gradient tensor as expressed within the laboratory frame become time dependent, such that V<,;)lab _ V<';)lab(t). It is convenient to describe the reorientational dynamics of membrane constituents in terms of a sequence of individual coordinate frame transformations, in which the overall rotation angles flPL in Eq. (2.4) are replaced by various Euler angles using the closure property of the rotation group.65 A set of intermediate frames which has proven useful in the description of lipid bilayer dynamics 28 is illustrated schematically in Fig. 1 , and is expressed by =~ ~ ~ ~ D~;)(flPl;t)D~!)(flIM;t) q p n x D~~(flMN ;t)D~2J(flND ;t)D~2(flDd, (2.7) where all summations run from -2 to 2. The Euler angles flPl(t) specify active rotation of the irreducible EFG components from the principal axis system (P) of the static tensor to an intermediate or internal (I) motional frame; flIM(t) define the transformation from the internal motional frame to the molecular (M) axis system; flMN(t) express rotation from the molecular frame to the axis system of the instantaneous director n(t); flND(t) represent transformation from the instantaneous director to the average director no (i.e., the macroscopic bilayer normal); and finally the angles flDL describe the fixed transformation from the average director (D) to the laboratory frame (L) (i.e., the static external magnetic field).67 In the latter transformation (aDL,fiDL)=(CP,() are the spherical polar angles characterizing the orientation of the magnetic field relative to the bilayer frame. The Euler angles describing the various transformations may be either time-dependent or fixed depending on the specific model employed; whereas the flDL transformation of the EFG between the macroscopic bilayer normal and the static external magnetic field is time independent and can be controlled experimentally. Note the expansion in Eq. (2.7) can be further generalized to include an arbitrary number of coordinate transformations. Alternatively, closure enables those transformations in Eq. (2.7) not relevant for a given motional description to be absorbed through collapse of the summations, as illustrated below.
Motions that are fast compared to the inverse of the quadrupolar frequencies as given by Eq. (2.6) can then be expressed in terms of averaged components 16 of the EFG tensor (00 2 )lab). The observed quadrupolar frequencies are then governed by the eigenvalues of the motionally averaged quadrupolar Hamiltonian, where secular terms (m =0) are considered. Assuming that 1]=0 only the s=O term in Eq. (2.7) is nonzero; substitution into Eq. (2.6) yields in which the angular brackets denote a time or ensemble average. For the different motional models investigated, the observed line shape is thus dependent on the equilibrium distribution of molecular orientations considered in Eq. (2.8), as detailed below. Given that the last of the bracketed rotations is axially symmetric enables one to write
9)
Local segmental motions
For the case of segmental reorientation described in terms of continuous small-step diffusion, it is the transformation from the internal frame (I) to the director (D) that is time dependent. The internal frame is identified with the principal axes of the rotational diffusion tensor D, which describes segmental motions relative to the director frame; fluctuations of the latter are neglected.
19 ,Z8 Using the closure relation 65 the summations over q and p in Eq. (2.8) collapse, so that the time dependence is described in terms of the Euler angles 0/D(t). If one assumes rotational symmetry (threefold or higher) about the diffusion z axis and the director DO, then only the r = n = 0 terms survive, allowing one to define the C_ 2 H order parameter SeD for segmental motions by (Dfc/( OlD»' (2.11) Now for the case of a methylene group, the z axis of the internal frame can be taken as the normal to the plane spanned by the two C_ 2 H bonds, i.e., f3PI= 7T/2; the factor 68 ,69 as the molecular order parameter Smol' Substituting Eq. (2.11) into Eq. (2.9) yields the averaged quadrupolar transition frequencies. Likewise, one can formulate the local motions in terms of jump models for the segmental reorientation (not shown).
Order fluctuations due to non-collective molecular motions
It is also possible that fluctuations arise from molecular motions, for which the time dependence is described by transformation from the molecule-fixed diffusion tensor principal axes (M) to the average director frame (D) . The slower molecular motions modulate the residual quadrupolar coupling remaining from faster internal motions. 28 • 33 (Separation of time scales is assumed in analogy with the BornOppenheimer approximation in quantum mechanics.) Here the pre-averaging involves the Euler angles OPI' leading to an effective EFG tensor with principal values that are reduced in comparison to the static EFG tensor, and whose orientation within the molecular frame is described by the time-independent Euler angles 0IM' Fluctuations of the director are neglected, allowing the summation over p in Eq. (2.8) to be removed; consequently the Euler angles 0MD(t) describe the time dependence.
The irreducible components of the residual EFG tensor within the internal frame are related to those of the static EFG tensor within its PAS by
The latter relation follows from the assumption that the static EFG tensor is axially symmetric (1/=0) in which case s =0.
Because the Cartesian components are diagonal in the PAS of the residual EFG tensor the averaged matrix elements 90°,35.3°) or Op/=(O°,90°,144.7°), giving Xeff=-~X=-85 kHz and 1/eff= 1 with a spectral breadth of (3/2)IXeffl = 127.5 kHz; i.e., the tensor is totally asymmetric. Note the residual EFG tensors of the two methylene deuterons are not congruent within the molecular frame; the PAS of one of the tensors is oriented at f3IM=O° whereas the other tensor is tipped by f3IM=60°. Additional diamond lattice orientations of the C-2H bonds can also be considered.
Molecular reorientations can then be formulated in terms of anisotropic rotational diffusion subject to a potential of mean torque which characterizes the observed singlet distribution. If one assumes the internal segmental motions and the molecular motions are statistically independent, then the observed order parameter is given by the following product approximation, SCD= ~ (Db;)(OPI»D~~)(OIM)(Db7](OMD»' (2.14) r where the separation of time scales is implicit. 28 Cylindrical symmetry has been assumed about the molecular diffusion tensor z axis and the director DO; in which case only the q = n = 0 components survive after motional averaging. However, axial symmetry is not imposed on the internal motion (r*O), and consequently the preaveraging can produce an asymmetric effective tensor.
33 If the internal motional frame is selected so that the average tensor resulting from the 0pI fluctuations is diagonal, then the r= ± 1 elements in Eq. (2.14) vanish.71 It follows that the segmental order parameter can be written explicitly in terms of the products of internal and molecular order parameters, as indicated below, 
Order fluctuations due to collective motions
Finally, one can consider a simple continuum model for collective fluctuations of the chain segments within the hydrocarbon region,28 in which the time dependence is due to motion of an instantaneous director axis (N) relative to the average director (D). The above represents an alternative to considering more detailed or specific fonnulations in tenns of coupled oscillators, defect diffusion, and so forth. A quasihydrodynamic model is adopted for the chain fluctuations at higher frequencies within the MHz regime, whereas at lower frequencies the dynamics may involve smecticlike defonnations of the bilayer. IO The preaveraging involves the Euler angles apN , in which case the summations over r and q in Eq. (2.8) are collapsed; hence the temporal fluctuations are described by the Euler angles aND(t). In addition, the cylindrical symmetry about the local director D(t) and the average director DO means that p = n = 0 in Eq. (2.8) . Assuming the local motions with respect to the instantaneous director axis as well as the director fluctuations are statistically independent (vide supra), a simple product approximation can be made?8,72 The equilibrium orientational probability distribution can be then be factored into individual components which reflect the ordering of the static EFG tensor with respect to the instantaneous director, (D&71(a PN ») , and the ordering of the local director itself, (D&71(a ND »). As a result the observed order parameter, SCD' is given by
Here, the internal frame is taken as coincident with the instantaneous director axis so that D&71(a IN )=I; in which case (D&1)(a pN») = (D&71(a Pl ». Substitution of Eqs. (2.17) into Eq. (2.9) then yields the averaged quadrupolar frequencies <v~). This description shares a feature in common with the above noncollective model in that relatively slow order fluctuations modulate the effective EFG produced by fast motional averaging over internal coordinates. However, with regard to relaxation (vide infra) the treatments differ in that the noncollective model includes relatively large-amplitude angular reorientations, whereas the collective model is formulated in tenns of a small-angle approximation. 28
C. Relaxation and evaluation of spectral densities
We now summarize the general theory of NMR relaxation for spin 1= 1 nuclei within the Redfield approximation. 26 ,28,53 For an isolated deuterium nucleus, fluctuations of the quadrupolar interaction yield a timedependent perturbation which governs the nuclear spin relaxation. To describe variations of the quadrupolar coupling about an average value of zero, the residual or time-averaged
Hamiltonian to yield the fluctuating part HQ(t), assuring that the correlation functions vanish at infinite time, 12,28,72,73 (2.18) Using Eqs. (2.1) and (2.4) the Hamiltonian for the quadrupolar interaction can be recast as (2.19) In the above expression, x=e 2 qQlh is the static quadrupolar coupling constant and "I is the asymmetry parameter of the static EFG tensor.
The relaxation rate for the decay of transverse singlequantum coherence is obtained using standard NMR relaxation theory, 55, 56, 73, 74 and is given by26 (2.20) where Wo is the nuclear Larmor frequency, and Im(mwO) are ,the spectral densities of motion corresponding to the irreducible components of the quadrupolar Hamiltonian. Note that R2 corresponds to the transverse relaxation rate in ordered media, where the 1 + 1)---+10) and 10)---+1-1) single-quantum transitions are typically nondegenerate?6 The cylindrical symmetry about the bilayer nonnal (director axis) means in general that the irreducible spectral densities depend on the projection index m. By contrast, in systems undergoing isotropic averaging the m index vanishes due to the spherical symmetry, such that lm(mwo) ---+(Jm(mwo»=l(mwo) ; moreover the transverse cross-relaxation rate must be included, yielding J. Chern. Phys., Vol. 101, No.6, 15 September 1994 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: (2.21) Similarly, the relaxation rates for the decay of quadrupolar order and the recovery of Zeeman magnetization (i.e., the spin-lattice relaxation rate) in ordered media are given by (2.22) Here the functions G mU) describe fluctuations of the irreducible components about their mean values, and are given by in which the angular brackets indicate a time or ensemble average (ergodic hypothesis). Note that in general the relaxation depends on the symmetry of the EFG tensor as well as the symmetry of the motions. Z8,33 Correlation functions for a variety of models for lipid dynamics are available, zZ,24,28-34,36,37,42,43,61,75 and it is within the above framework that different motional models are evaluated and compared to experimental results. Using Eq. (2.7) the correlation functions become
Without loss of generality, the above correlation functions can be expressed as linear combinations of individual contributions from the symmetric (designated here as 8) and asymmetric (designated TJ and TJ') components of the coupling tensor, plus a cross term (denoted X) as (2.28) The corresponding spectral densities are given by (cf. Appendix A)
In what follows, relatively simple models for anisotropic rotations and collective fluctuations of the membrane constituents are considered (cf. Fig. 1 ). The first two models describe the lipid dynamics in terms of anisotropic rotational diffusion within an ordering potential of mean torque. Here it is assumed that fluctuations of the instantaneous director are negligible, enabling one of the coordinate frame transformations to be absorbed by removing the summations over p and p' in Eq. (2.27) . The time dependence is contained entirely in the transformation from the principal axis system of the diffusion tensor to the macroscopic director. Consequently the dynamics are described in terms of reorientation of individual segments, or alternatively individual molecules, within the potential of mean torque of the membrane bilayer.
In the former segmental case, the summations over q and q' are also suppressed, so that the treatment is the dynamic equivalent l9 of the Marcelja mean-field theory76-78 and its descendants 46 used in the statistical interpretation of the acyl chain ordering in membranes. In the latter case the diffusion involves whole molecule rotations within the bilayer. Finally, the third model considers the time dependence in terms of fluctuations of a local director axis with respect to the average director coincident with the bilayer normal, allowing the summations over r, r', q, and q' to be absorbed. 65
Local segmental motions
For the case of segmental motions treated as continuous or small-step rotational diffusion,19,Z8 the time-dependent transformation involves the Euler angles 0ID(t) between the internal diffusion tensor frame and the average bilayer normal; closure is applied allowing the summations over q and q' to be collapsed. In addition director fluctuations are neglected, leading to removal of terms with different p,p' in-dices. Utilizing Eqs. (2.3), (2.24), and (2.27) 
Order fluctuations due to non-collective molecular motions
In the case of molecular fluctuations, the fast internal motions produce a residual or effective EFG tensor that is modulated by the slower time-dependent 0MD(t) transformation from the principal axes of the molecule-fixed diffusion tensor to the macroscopic bilayer normal.
Z8 •
33 The time scale separation means that averaging over the various Euler angles in Eq. (2.27) can be carried out separately. An axially symmetric static EFG tensor ('YJ=O) is assumed so that sand s' =0, and given the absence of instantaneous director fluctuations the summations over p and p' in Eq. (2.27) are absorbed. The irreducible spectral densities then become
Xj~2J(OMD ;mwo)ID~;,;(ODLW, (2.33) in which (ID~~)(OMD)IZ)=([d~~)({3MD)Z]) are the meansquared moduli and j~~>COMD ;mwo) are the reduced spectral densities for molecular anisotropic diffusion (vide infra).
The assumption of rotational symmetry about the z axes of both the diffusion tensor and the average director removes terms involving matrix elements with different q ,q' indices and n,n I indices in Eq. (2. 
Xj~~)(OMD ;mwo)ID~;,;(ODLW, (2.34) where the terms in the first summations over rand r', i.e., Lr (2) X 5" + 7 doD ((31M ) (12-155q2+35q4 
,,70
Contributions from terms invariant to rotation about aIM (Le., rotationally symmetric with respect to the z axis of the effective EFG tensor) are given in Eqs. (2.36a) and (2.36b) and have been discussed previously.33 The rotationally asymmetric terms are given by Eqs. (2.36c) and (2.36d) 
Evaluation of spectral density functions for an arbitrary potential of mean torque
We now tum to evaluation of the factors F~~)(nlD ;mwo) in Eq. (2.32) for the segmental diffusion model, or alternately F~2j(nMD ;mwo) in Eq. (2.37) for the molecular anisotropic diffusion model. As a rule, both the mean-squared amplitudes and reduced speCtral densities depend on the potential of mean torque, which can be expanded to yield 7 !
Here ,8 is a generalized Euler angle (colatitude), i.e., ,8=,8ID for segmental diffusion and ,8=,8MD for molecular diffusion;
Picos,8) is a Legendre polynomial of rank j; and aj is the relative weight. In this paper, only the leading terms of Eq.
(2.38) are kept (j = 1 or 2), depending upon the parity of the potential employed. Approximating the potential in this manner enables the order parameters of different rank j to be evaluated using the Boltzmann expression
where il= (O,{3,O) are generic Euler angles; that is il=il ID for segmental diffusion and il=n MD for molecular diffusion. Given a value of the second-rank polynomial (Db7{(n ID » for segmental motions [or (Db~)(nMD» for molecular motions], the parameters of the potential of mean torque are specified by Eqs. (2.38) and (2.39), which can then be used to determine the additional rank polynomials. As a rule F~~)(nID ;mwo) for segmental diffusion [or alternately F~2j(ilMD ;mwo) for molecular diffusion] is a function of both even and odd rank order parameters. Appendix B details the evaluation of the mean-squared amplitudes and reduced spectral densities for a general potential having the form of Eq. (2.38).
The reduced spectral densities for restricted diffusion are given by an infinite sum of Lorenztians corresponding to the eigenvalues of the diffusion operator,75 and can be simplified using various single-Lorentzian approximations presented by Szabo. 79 From Appendix B, the reduced spectral density in Eq. (2.32) for segmental diffusion subject to a potential of mean torque can be written as 2T (2) . (2) • (2.40) in which the correlation times are given by (2.41) [Alternately for molecular diffusion the reduced spectral densities are given in Eq. (2.37) by j~2j(ilMD ;mwo) and the correlation times are denoted by fq~ 46 for potentials of either odd or even parity is obtained using the approximations detailed in Appendix B. It is noteworthy that reorientation of phospholipids within a given monolayer is most accurately described by an odd ordering potential, since the head group is effectively tethered to the aqueous interface.
1S ,43 Consequently, it is necessary to evaluate the influences of the parity of the potential of mean torque on the anisotropic relaxation behavior. An additional approximation is to neglect the effects of the restoring potential on the correlation times and utilize the symmetric top limit, so that Eq. (2.41) for segmental diffusion reduces to (2.43) [or alternately 11 7~:;;-t 11 7(2) for molecular diffusion] as previously discussed. 15,28,33.3~.75 Here, the effect of the restoring potential is retained in evaluation of the mean-squared amplitudes according to Eqs. (2.32) and (2.37).
For a generalized potential of mean torque described by Eq. (2.38), the parity of the spectral density factors means that F~~)(fllD ;mwo) = F<.!~-n(fllD ;mwo) for the segmental model [or alternately F~~)(flMD ;mwo) = F<.!~-n(flMD; m wo) for the molecular model], thus reducing the number of distinct correlation times f,.~) [or equivalently ~:;;] for the reorientational modes described by Eq. (2.41) from a possible maximum of 25 to 13 (cf. Appendix B). We note that the number of reorientational modes is important with regard to interpreting the frequency dependence of the relaxation.IO·24.28 However, the D"'h symmetry of a lipid bilaye~8 (or equivalently the even parity with respect to the static external magnetic field) leads to a further decrease to nine observable modes, where the symmetries of the spectral density factors are given by
. n e case of an isotropic diffusion tensor (TJD = 1) the number of distinct modes is additionaIIy reduced to six. As described above, use of the symmetric top approximation gives a~~) =6 [or alternately a~:;;=6], thereby removing the dependence of the correlation times on the ordering potential and yielding three distinct reorientational modes as given by Eq. (2.43 yield expressions in closed form for the quadrupolar relaxation of phospholipids due to anisotropic rotational diffusion, which are utilized in this paper to interpret the anisotropic spin-lattice relaxation observed for oriented DLPC-d 46 bilayers.
Order fluctuations due to collective motions
As an alternative to the above rotational diffusion models, one can simply assume the residual EFG tensor due to fast motions is axially symmetric about a local director axis; the time dependence is due to the transformation to the average director as given by the Euler angles flND(t). (Recall that such director fluctuations are ignored in the above anisotropic diffusion models). One can then consider formulations in terms of slow collective or continuum fluctuations of the instantaneous director with respect to the macroscopic bilayer normal. 28 This type of model has been applied previously to relaxation in nematic and smectic liquid crystals72.80-82 and lipid bilayers?8.40.42 An axially symmetric static EFG tensor is considered (s,s' =0) and the summations over r, r', q, and q' in Eq. (2.27) are collapsed. If it is assumed that the distribution about the instantaneous director is axially symmetric, then terms with different p,p' indices are removed. Utilizing the small-angle approximation the correlation functions for the irreducible components of the quadrupolar Hamiltonian are given by28 (2.45) where (D&t)(fl pN ) = (Dbt)(fl pl ) as discussed in Sec. lIB. Solutions to the integral in Eq. (2.45) have been obtained by expanding the displacement of the instantaneous director n(t) as a superposition of highly damped, Fourier modes each relaxing with a characteristic correlation time.28.51.80 The irreducible spectral densities in the laboratory frame are then given by J m(mwO) = CI(D6~/(flPl) Wlmwol-1I2ID~lm(flDLW, (2.46) where C is a collection of constants. 80 Here, the angular anisotropy is described by the factor ID~lm(flDL)12 and thus reflects the assumption of small-angle director fluctuations. Within this small angle approximation for collective order fluctuations,82.83 only the spectral density J1(wo) contributes to the spin-lattice relaxation at fl=/3DL =0°. Such a smallangle approximation probably constitutes an oversimplification and can be removed,83 which is not considered here explicitly. The spectral densities in Eq. (2.46) are obtained by assuming zero and infinite cutoff frequencies for the modes of fluctuations, so that both small and large wavelengths are included in the formulation. More elaborate descriptions including variation in the cutoff frequencies 42 ,84,85 and a higher-order approximation 83 have been presented. While the specific formulation has been shown to influence the predicted angular anisotropy, this was not pursued in the current work due to the necessity of introducing additional parameters into the model. According to Eg. (2.46) the irreducible spectral densities Jm(mwo) are proportional to I<Db~>cnPl»12 for noncollective molecular motions, Assuming the amplitude of the slow motions along the chains is the same, then a square-law functional dependence on the observed order parameter ISeDI results as discussed above. Such a dependence in which RW.
scales with the square of the observed order parameter Isgbl as a function of chain position (index i) has been observed previously, e.g., in experimental 2H NMR studies of disaturated phosphatidylcholines in the liquid-crystalline (La) state.IO.21.28
Correspondence to experimentally observed spin-lattice relaxation rates
It follows that the observed spin-lattice relaxation rate can be written as a sum of contributions from local segmental motions, molecular motions, and director fluctuations, 2.47) in which cross terms between the different motional processes are neglected. Note the residual interactions from each motion are modulated by the subsequent motions of larger amplitude in the hierarchy. The first term on the right refers to segmental motions where the spectral densities are given in Egs. (2.31) and (2.32); the second term denotes molecular anisotropic diffusion with spectral densities defined by Eqs. (2.36) and (2.37); and the third term refers to director fluctuations and utilizes the spectral densities in Eq. (2.46). The observed angularly anisotropic relaxation rates can be interpreted in several different ways. First, the observed relaxation can be evaluated using each motional model individually, assuming that contributions from the remaining dynamical processes in Eg. (2.47) are negligible-one simply asks if a single predominant contribution can be identified within the frequency range studied. The observed relaxation can also be interpreted by a combination of segmental and molecular motions, with negligible contributions from director fluctuations, i.e., the first two terms in Eq. (2.47). In general, contributions from both of these motional processes may be angularly dependent. If one assumes for the combined case of segmental and molecular relaxation that the local contribution is frequency and angular independent, then R,(,l reduces to a constant fitting parameter Riti; arguments that the internal motion may have a small angular anisotropy have been presented. 32 .43 One can also consider a combination of local segmental motions and director fluctuations, with the former relaxation contribution again described by a single frequency and angularly independent model fitting parameter, Riti. Finally, all the dynamical processes in Eg.
(2.47) can contribute to the observed relaxation, where each process including segmental, molecular, and director fluctuations, may be angularly and frequency dependent. Here, we have only pursued the first of the above approaches, since according to Occam's Razor we are interested in the simplest possible treatment of the relaxation.
III. EXPERIMENT
The synthesis of 1,2-diperdeuteriolauroyl-sn-glycero-3-phosphocholine (DLPC-d 46 ) was carried out as previously described. 21 Perdeuterated lauric acid was prepared by catalytic exchange with deuterium gas over a 10% Pd-charcoal catalyst (Aldrich, Milwaukee, WI) at 195°C. The phospholipid was synthesized from the anhydride of perdeuterated lauric acid plus the cadmium chloride adduct of sn-glycero-3-phosphocholine, and was purified by column chromatography on silica gel (Bio-Sil A; Bio-Rad, Richmond, CA) using an elution system comprising CHCI 3 with increasing amounts of MeOH. Purity was assessed by thin-layer chromatography (solvent system CHCI/MeOHlH 2 0, 65:35:5), which yielded a single spot upon visualization both by exposure to 12 vapor and charring with 40% H 2 S0 4 at 270°C. The dry lipid was dispersed in 20 mM Tris buffer, pH=7.5, containing 0.1 mM EDTA, using deuterium depleted I H2 0 (99.5 at % lH; Aldrich, Milwaukee, WI) (=75 wt % H 2 0). Light vortexing and freeze-thawing of the samples several times ensured the homogeneity of the resulting multilamellar dispersions. The bilayers were oriented macroscopically by applying a small amount of the aqueous dispersion to each of approximately 25 dry slides (5 mmX20 rom XO.l6 mm), cut from glass cover slips (Coming Glass Works, Coming, NY), which were cleaned previously by successive washing with HCI, EDTA, EtOH, and finally double-distilled H 2 0. The glass slides were stacked and placed in a rectangular glass container (5 mmX5 mm LD.) that served as the sample chamber. Several dehydration/rehydration cycles 58 at 45°C under nitrogen resulted in greater that 90% alignment of the sample. The hydrated bilayer sample together with cotton plugs containing excess deuterium depleted IH 2 0 was sealed in the sample chamber, and the degree of alignment was monitored via 2H NMR spectroscopy.
All 2H NMR spectra were obtained on a modified General Electric (Fremont, CA) GN-300 spectrometer operating at 7.058 T (46.13 MHz 2H frequency). The instrument was equipped with an external high-power amplifier (Tempo 2006, Henry Radio, Los Angeles, CA), an external 2 MHz digitizer (Nicolet Instruments, Madison, WI), and a homebuilt high-power probe containing an 8 rnm inner-diameter coil as the inductor. Temperature control was maintained to within ::!:0.5 °C by passing heated air over the sample contained within a Dewared chamber, and monitored before and after spectroscopy with a thermistor inserted through the magnet bore directly above the radiofrequency coil. 2H NMR spectra were collected with the quadrupolar echo method 86 using 1T12 pulse lengths of 1.8 J.LS duration, a 30 J.Ls interpulse spacing, a 2 J.Ls digitization rate, and a I s recycle time. Quadrature phase detection was employed and typically 2048 scans were averaged, then multiplied by a decaying exponential corresponding to a 100 Hz line broadening in the frequency domain to apodize the spectra. Fourier transforma-tion was initiated at the top of the quadrupolar echo in all cases. The 2H NMR spectra were then transferred to a MicroVax cluster (Digital Equipment Corporation, Maynard, MA) where further data analysis was performed. In the case of random multilamellar dispersions, the 2H NMR spectra were numerically deconvoluted or de_Paked 87 ,88 to obtain subspectra corresponding to the (}=Oo orientation of the bilayer normal DO relative to the static magnetic field Bo. For oriented samples the carbon-deuterium bond order parameter IScol and the angle () were determined by fitting the observed quadrupolar splittings dVQ at various sample orientations using Eq. (2.9) of Section II B. Nine individual resonances were simultaneously fit in the case of DLPC-d 46 ; initial estimates of ISeoi were obtained from multiple measurements of the quadrupolar splittings at (}=OO and 90°.
Spin-lattice relaxation (R IZ) rates were obtained with a 32 pulse phase_cycled 73 ,89 inversion-recovery sequence for quadrupolar nuclei; the magnetization was sampled at various intervals l' after the inverting 'TT pulse using the quadrupolar ech0 86 as described above. Experiments were carried out as a function of the angle () (== (3DL) between the macroscopic bilayer normal and the static external magnetic field. The relaxation rates were calculated with the NMR 1 spectral analysis program (New Methods Research, Inc., Syracuse, NY), and employed a three-parameter fit to the recovery curve 90 (3.1)
The estimated errors in the relaxation times T 1z == lIR 1Z corresponded to the standard deviation and assumed random statistical fluctuations in the data; systematic errors were not considered. A Fortran program (ASYMODD), incorporating the Simplex method 91 and expressions detailed in Sec. II was utilized to obtain theoretical fits of the angular dependence of the spin-lattice relaxation rates. In addition, the orientational anisotropy was calculated using the relation 73 2) with bounds of ± 1. The above ratio is different from the anisotropy of the spin-lattice relaxation times defined by Speyer et al., 27 which has an infinite range and typically produces values larger than those obtained using Eq. (3.2). Normalization of the relaxation rates by the values at the magic angle «(}=54.7°), as previously utilized by Brown and Soderman,33 cannot be employed with perdeuterated samples due to overlap of the quadrupolar splittings.
IV. RESULTS
A. Deuterium NMR spectra and spin-lattice relaxation rates of oriented membrane bilayers
Studies were carried out at a magnetic field strength of 7.05 T CZH frequency of 46.1 MHz) and employed macroscopically oriented dispersions of 1,2-diperdeuteriolauroylsn-glycero-3-phosphocholine static external magnetic field. Representative 2H NMR spectra of macroscopically oriented DLPC-d 46 as a function of () are shown in Fig. 2 . Nine individual quadrupolar splittings are resolved, which can be assigned to specific carbon segment positions of the perdeuterated acyl chains based on comparison to previous workY2 Upon rotation of the sample with respect to the magnetic field (Fig. 2) , the quadrupolar splittings vary with the characteristic P2(COS (}) dependence expected from Eq. (2.9). Near the magic angle «(}=54.7°), the individual quadrupolar splittings approach zero and become unresolvable. A weakness of using lipids with perdeuterated acyl chains is that information near the magic angle is unobtainable, due overlap of the resonances. However, Fig. 2 indicates that a total of nine individual spIittings are still resolvable at bilayer orientations of (}=42° and 60°. Quadrupolar splittings similar to those observed for oriented samples were also obtained by deconvoluting (dePakeing) the 2H NMR spectra obtained for a multilamellar dispersion of DLPC-d 46 in the La phase containing excess water (50 wt%), as shown in Fig. 3 . The experimental 2H NMR spectrum in part (a) corresponds to an essentially random bilayer distribution, in which the sharp features of the superposed powder patterns due to the perdeuterated chains (Pake doublets) arise from the (}=35.3° and 90° orientations, and the weak shoulders with twice the quadrupolar splittings represent the (}=Oo orientation. The de-Pakeing algorithm numerically removes all but the 8=0° orientation from the powder patterns. 87 ,88 Deconvolution of the powder-type 2H NMR spectrum in part (a) yields the de-Paked 2H NMR spectrum in part (b), which is seen to resemble very closely the 2H NMR spectrum of the aligned sample at (}=Oo in part (c). (The minor intensity variations are most likely a consequence of the de-Pakeing procedure.) Hence the oriented sample is in nearly the same physical state as the multilamellar dispersion containing excess water (50 wt %); Le., the sample is fully hydrated and alignment of the membranes on glass substrates does not affect the local orientational ordering of the phospholipids. The resolved quadrupolar splittings are indicated for purposes of reference in Fig. 4 , which depicts the high-frequency (left-hand) side of the symmetric 2H NMR spectrum. The smallest quadrupolar splitting corresponds to the terminal methyl groups which is seen in Fig. 4 to comprise two components. Two methyl components are also observed in de-Paked 2H NMR spectra of multilamellar dispersions of phospholipids having perdeuterated acyl chains (not shown), and can be attributed to inequivalence typical experimental data; the corresponding C-zH bond order parameters ISCDI are given in Table I . Spin-lattice relaxation times T 1z ;; lIR lz for each of the nine resolved splittings were determined at five different values of the angle () between the bilayer normal and the main magnetic field direction. The T lZ relaxation times are reported in Table I Isgbl and the spin-lattice relaxation rates R\il «(}=OO) as a function of chain position (index i) summarize the experimental observables from zH NMR spectroscopy, and are given in Fig. 6 for in the liquid-crystalline (La) phase at 40°C. This information represents the primary outcome of data reduction in the case of the experimental zH NMR studies conducted at present-further analysis requires the introduction of motional models.
B. Theoretical interpretation of relaxation rates in terms of dynamic models
The relaxation data in Table I can be interpreted using Eq. (2.23) together with the models described in Sec. II by assuming the relaxation arises from (i) local segmental motions, (ii) whole molecular motions formulated in terms of plicable to solids and solidlike materials_ Another possibility is to relinquish a detailed motional picture and formulate the fast segmental dynamics in terms of a diffusive (smallangular step) mechanism, which is perhaps most relevant to liquid-crystalline materials and phospholipid membranes.
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For reasons of simplicity and generality, the segmental motions are modeled here by rotational diffusion within a cylindrically symmetric potential of mean torque (cf. Sec. II C). This description is analogous to the freely jointed chain in polymer statistics, or alternatively the individual segments correspond to nematogens within an anisotropic fluid?6 In the case of segmental dynamics, the reorientations modulate ..----.
-- The segmental order parameters SCD=(Db~\flpo» are determined experimentally from the quadrupolar splittings, and are summarized in Table I (Fig. 7) predict the magnitude of the relaxation rates and the orientational anisotropy for each of the segments to a good degree of approximation. The diffusion tensor anisotropy 1]0 tends to decrease for methylene segments towards the chain terminal end, and may reflect the increased disorder. An exception to this trend is the high anisotropy 1]0 observed for the terminal methyl groups, which is a consequence of the rapid stochastic spinning about the methyl C 3 axis. The correlation times for the segmental model are in the range of hundreds of picoseconds, and are somewhat larger than those reported earlier for specifically deuterated DPpc.
In the case of the non-collective molecular model, the slow dynamics modulate the effective EFG tensor preaveraged by faster internal motions, thereby reducing its principal values and/or changing the orientation of the principal axes within the director frame. in Table III . On account of the paucity of experimental data, several assumptions are necessary to reduce the number of variable parameters. For the entire molecule, if the effective EFG tensor is axially symmetric (17eff=O) with 131M held constant, and the molecular ordering potential is frozen 29 ,61,94,95 at <D67?(nMD»=<d6~\,BMD»=O.65, then a total of three adjustable parameters results, viz. ,BIM' fo~, and 17D' Values for these parameters were chosen to optimize the fit in the plateau region (splitting A), and are given in Table III for an even restoring potential, U(cos ,BMD)=A2 cos 2 ,BMD' an odd U(cos ,BMD)=Al cos ,BMD potential, plus the corresponding symmetric top approximations. The remaining data were fit by assuming that -1& and 17D were invariant from those observed for the plateau region. This premise corresponds to freezing the above parameters for the other acyl chain segments at the values found for the molecular motion involving the plateau methylene groups. With these assumptions, the data for the additional eight splittings were fit by only slight variation of the additional parameter ,BIM' Data for all the segments are adequately described, except the terminal methyl groups (splitting I) due to neglect of the contribution from fast internal motions (vide infra). The reorientational correlation times for DMPC given in Table III 
1,2[3 t,3 t -2H
2 ]DMPC; whereas the values of DII are about an order of magnitude smaller. The latter is due to inclusion of an additional modeling parameter corresponding to a rather large angular-and frequency-independent constant term (R;n,i = 21.4 S-I) from internal motions. 43 Clearly by introducing further parameters into the analysis the quality of the fits can be improved significantly. As pointed out by Halle, 43 reference to an internal frame can be relinquished by utilization of the three order parameters (Db~eOpM»' In the case of an asymmetric tensor this reduces the total number of fitting variables per segment from six to five adjustable parameters, but the possibility of investigating the orientation of the internal frame is sacrificed. For an axially symmetric effective EFG tensor ('7eff=O), the above three order parameters reduce to a single order parameter (Db~)eOpM»=(Db~\OpI»DWeOIM)' which is related to the experimental value of SCD=(Db7fe 0 PD» according to Eqs. (2.16). The relaxation anisotropy along the chain is then described by a minimum of three adjustable variables, viz.
(DW (OPM», , and '7D' However, formulation in terms of the residual coupling parameters Xeff and '7eff enables a correspondence of the treatments in terms of either a static or residual EFG tensor,33 and thus perhaps is intuitively most appealing. Since a goal of future studies of chainperdeuterated phospholipids involves comparison of the magnitUde and orientation of the effective EFG tensor between the different acyl chain positions, an internal frame of reference is retained.
Finally, the collective model assumes the observed relaxation arises entirely from director fluctuations, i.e., collective fluctuations in the local ordering formulated in terms of a local director. 28 For the entire molecule the spectral densities J m(mwo) are given by Eq. (2.46) in which one adjustable parameter, C, describes the relaxation anisotropy along the entire chain. It is assumed that the angular fluctuations of the instantaneous director as described by 0ND(t) are small, allowing the ordering due to preaveraging motions to be approximated by the observed order parameter SCD=(DWCOPD»=(Db7feOPl»; cf. Eqs. (2.17) . The theoretical fits for the collective model are shown in Fig. 9 , with the values for the resulting fitting parameters and goodness of fit presented in Table IV . It is most obvious for the plateau segments, i.e., panel (a) of Fig. 9 , that the collective order fluctuation model substantially overestimates the observed angular anisotropy of R lZ' From Tables II-IV it is also evident that this description of collective fluctuations yields a CEffective asymmetry parameter assumed to be zero. dparameter frozen at indicated value in accord with lleff=O.
eFrozen value corresponds to observed segmental C_ 2 H order parameter iSeDi using Eqs. reduced quality of the fit in comparison with either the segmental or molecular diffusion description. However, as noted above this may be a consequence of the small-angle approximation in which only the D<;lmCODL) terms are retained for description of the orientation dependence. It is noteworthy that contributions from faster internal motions which lead to preaveraging of the EFG tensor are ignored in the cases of the noncollective molecular model and the collective model. As discussed in Sec. II, one can also include an angular-and frequency-independent model fitting parameter R~ni as in previous work. 24 .43 In order to keep the number of fitting parameters to a minimum, an additional constant variable was not introduced, thereby assuming the observed relaxation arises predominantly from the relatively slow reorientations. Additional investigations of the frequency and angular dependence of the relaxation rates in oriented bilayers are required to further distinguish among the various possible contributions to the lipid dynamics in the MHz regime.
c. Square-law functional dependence of observables from deuterium NMR spectroscopy
As indicated above, 2H NMR spectroscopy yields profiles of observables related to both equilibrium and dynamical properties of the bilayer, viz. ISgbl and RW" respectively, as a function of chain segment position (index i) within the hydrocarbon region (see Fig. 6 ). It is found experimentally that a plot of the observed relaxation rates Rjii for the dif- identical along the entire acyl chain and is used to fit the data simultaneously. The panels correspond to the splittings identified in Fig. 4 , where the fitting parameters are summarized in Table IV . Note the different vertical scale in the bottom three panels. The magnitude of the angular anisotropy is overestimated whereas the direction and variation along the chain are reproduced, apart from the terminal methyl groups with the smallest quadrupolar splitting. This is shown in Fig. 10 for data obtained in the present study at several different bilayer orientations, which extend and confirm earlier studies of randomly oriented multilamellar dispersions of phospholipids. 21 For the segmental model, it is possible that a fortuitous combination of parameters could explain this experimentally observed square-law functional dependence. But it is not particularly transparent from examining the relaxation expressions presented in Sec. II, Eqs. (2.31)- (2.32) , that this should be the case. By contrast, such a square-law relation is an inherent feature of the formulations in terms of order fluctuations, due either to noncollective or collective motions. Note that Eqs. (2.36)-(2.37) and Eq. (2.46) indicate the relaxation rates are proportional to the square of the internal order parameter, viz. I(Db~(!1pI»12, which is related to the observed order parameter by Eq. (2.16) for the molecular model and Eq. (2.17) for the collective model. In either case, the local segmental motions, e.g., arising from trans-gauche rotational isomerizations, set up an order gradient along the chain that is further modulated by the slower motions (vide infra). Extrapolation of the R IZ rates to zero ordering (vide infra) for each of the bilayer orientations in the case of DLPC-d 46 gives the assumption that relaxation contributions from internal motions are minimal within the framework of the model employed. Tables II and III along with Figs. 7 and 8 reveals the fitting parameters are very similar for an even potential of mean torque, U(cos f3)=A2 cos 2 13, vs an odd potential, U(cos f3)=AJ cos 13, in the case of the segmental model where f3=f3w, and for the molecular model in which 13= 13M D' The percentage differences in the diffusion tensor principal values were typically less than 15% for the segmental fits and 5% for the molecular fits. Within the range of potential strengths investigated, the parity of the restoring potential was found to have a negligible effect on the angular anisotropy and the corresponding rotational diffusion tensor parameters. It appears the statements of Halle 43 in this regard are somewhat misleading; in fact the results obtained using an odd potential differ minimally from those obtained with the simplifying approximation of an even Maier-Saupe potential reported well over a decade ago. 28 Nonetheless, a restoring potential of odd parity is expected to most closely correspond to the actual physical situation within a given lipid monolayer,43 where the acyl chains are effectively tethered to the aqueous interface. J9 This similarity is also clearly evident from inspection of Fig. 11 (cf. Appendix B) , where the mean-squared amplitudes G~:m(O;O) and reduced effective time constants b~:m = 6/a~:m obtained by solving the diffusion equation are plotted as a function of the secondrank order parameter <db~(f3» describing the potential; here 0=(0,13,0) are generalized Euler angles, i.e., O=Ow for segmental diffusion and O=OMD for molecular diffusion. Only small differences in the effective correlation times common to both the even and odd potentials (see top two rows of panels of Fig. I I) are observed as noted previously,43 which are independent of parity in the limits of low and high ordering. The lower row of panels represents the additional values in the case of an odd potentiaL The mean-squared fluctuations, indicated by G~:m(O;O) in Fig. 11 , are nearly unchanged with the choice of potential in the case of those matrix elements where either m' or m is zero corresponding to the off-axial modes, viz. (0,0), (0,1), and (0,2) (top row of panels in Fig. 1 I) . Yet there are significant differences for elements with nonzero m' or m, viz. due to the spinning modes (1,1), (1,2), and (2,2) (middle row of panels in Fig.  11 ). The latter reorientational modes have mean-squared amplitudes approximately twice as large for the odd potential 
D. Influences of parity of potential of mean torque and symmetric top approximation
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G (2) . compared to the even potential in the ordering range investigated, a fact previously noted by Halle. 43 Note also that for an odd potential the (I,-I), (1,-2), and (2,-2) spinning modes (bottom row of panels in Fig. 11 ) contribute little to the overall spectral density due to the relatively small meansquared amplitudes G~!m(n;O). Although the lipid reorientation within a given monolayer is most appropriately described by an odd potential, the similarity of the fitting parameters (Tables II and III) suggests the results are not strongly dependent on the parity of the potential of mean torque, at least for the simple functional forms assumed here. The relative insensitivity of the 2H NMR relaxation to the shape of the restoring potential has been noted previously by Brown 28 and by Void and Vold.72 Tables II and III also reveal that the symmetric top approximation (i.e., neglecting ordering effects on the correlation times but retaining them for evaluation of the meansquared amplitudes) yields very similar fits to the R 12 angular anisotropy. This approximation overestimates the rates of the (1, I) and (2,2) spinning modes, and underestimates the rates of the remaining reorientational modes; cf. Fig. 11 . The range in the reported parameters (20% difference) due to the various approximations must be taken into consideration when comparing the present results to other biophysical investigations. The values obtained in this study place limits on the physical quantities corresponding to the experimentally observed R 12 relaxation rates.
V. DISCUSSION
It is widely recognized that deuterium eH) NMR spectroscopy in combination with 2H-isotope labeling enables valuable knowledge of the properties of membrane constituents to be gained, which is currently unobtainable using other biophysical methods. Here angular-dependent 2H NMR spin-lattice relaxation measurements, as first described for membrane bilayers,26 have been used to acquire information regarding phospholipid lamellar phases in the liquidcrystalline (La) state. Apart from any fundamental aspects, the development of appropriate theoretical and experimental tools can yield an important framework for investigations of different membrane systems. In conjunction with studies of membrane lipids a similar conceptual approach can be applied to membranous peptide components, for which knowledge is in a relatively preliminary state. 96 A particular advantage of 2H NMR spectroscopy, e.g., in comparison to smallangle x-ray scattering (SAXS), is that by combining line shape and relaxation studies one can gain insight regarding equilibrium and dynamical properties of bilayers at the microscopic level. By contrast, SAXS investigations of membrane bilayers 97 ,98 yield average structural information, and atomic-level resolution is not possible. 99 Knowledge of the internal structure of membrane lipid aggregates can be obtained from small-angle neutron scattering (SANS);JOO,JOI recently it has been shown that dynamic neutron scattering studies enable one to acquire valuable information about lipid mobility.J02,I03 Because 2H NMR spectroscopy provides understanding at the microscopic level of the reorientational dynamics of individual 2H-labeled segments of membrane lipids, it is complementary to SAXS and SANS investigations. A detailed picture of the properties of membrane constituents compared to biological function 2 -5 requires a combination of physical methods, along with studies of appropriate natural and recombinant membrane systems.
A. General features of membrane lipid relaxation
Investigations of the nuclear spin relaxation rates of membrane lipids can yield valuable information regarding the amplitudes, rates, and types of motions present within the bilayer in relation to their biophysical properties. 28 .52 The objective is to arrive at the simplest description of the relaxation that provides insight into the underlying forces responsible for the stability of the lamellar state, e.g., as included in molecular mechanics simulations of bilayer membranes. 35 .47,48 Once the predominant features of the dynamics within the MHz regime have been identified, subsequent stages of theory development can be considered in terms of more detailed and perhaps more specific or refined motional models, or possibly more complicated biological membrane systems involving lipid-protein interactions. A key issue at present is whether the relaxation is influenced mainly by local segmental motions of phospholipids within the bilayer, or alternatively by slower molecular motions or possibly collective excitations of the bilayer assembly. Because the 2H NMR relaxation rates of membrane constituents depend on both the angular extents and rates of the motions, namely the (i) mean-squared amplitudes and Oi) reduced spectral densities describing the dynamics, one must separate their contributions to the relaxation. In our view, the central question at such a level of analysis 26 is whether the relaxation in the MHz regime is governed mainly by local fluctuations of the static EFG tensor associated with the C_ 2 H bonds,19 or rather by order fluctuations due to modulation of a residual EFG tensor preaveraged by faster internal motions. 28 In the latter case an attendant question is to what extent the approximation of separation of time scales is applicable. On the one hand, the rigid-lattice or static EFG tensor is the same for all segments, in which case differences in relaxation properties largely reflect the reduced spectral densities characterizing the local motional rates, e.g., due to trans-gauche isomerizations?6 On the other hand, the residual EFG tensor describes the local mean-squared amplitudes which can vary as a function of segment position. The latter are modulated by relatively slow motions such that the reduced spectral densities are more nearly uniform; hence the angular extents of the local reorientations mainly govern differences in the relaxation. 21 ,28 One can then further distinguish between a comparatively small number of stochastic modes which influence the reduced spectral densities, e.g., corresponding to molecular rotational diffusion within the potential of mean torque of the membrane bilayer,28.38.43.6o or alternately a broad distribution or continuum of modes due to collective reorientations of the phospholipid hydrocarbon chains?8
With the above in mind spin-lattice (R 1 z) relaxation studies have been carried out of phospholipid bilayers aligned on planar substrates which extend and confirm previous investigations,26,27,33.34.58 and contribute towards development of a unifying conceptual paradigm J04 for future studies. The general theory for relaxation of I = I nuclei predicts the angular anisotropy is related to the orientation and symmetry of the coupling tensor within the frame undergoing the fluctuations, i.e., segment, molecule, or bilayer. 28 Hence one can obtain information pertinent to the types of motions which govern the relaxation in the MHz regime, viz. local motions vs order fluctuations due to molecular motions or collective excitations of the bilayer. We note that both the mean-squared amplitudes and reduced spectral densities are dependent on the orientational ordering, and thus can influence the relaxation temperature behavior. 28 For example, given the dynamics reflect a broad distribution of motional modes, then the temperature dependence of the relaxation rates may in fact be governed primarily by the mean-squared amplitudes, i.e., due to the Boltzmann distribution involving faster thermally activated isomerizations which preaverage the residual EFG tensor. 28 The above is in contrast to the conventional viewpoint of an Arrhenius-like temperature behavior in terms of an activation energy.
B. Experimental findings in relation to theoretical models
In order to test the alternate conceptual formulations, a series of experimental studies of the angular dependence of the nuclear spin relaxation for liquid-crystalline phospholipids was conducted. The orientational anisotropy of R IZ in lipid lamellar phases appears sufficiently rich so that a universal behavior is not observed. 15.26.27,33,34.38.58-61 From a purely qualitative standpoint, the differences in the angular anisotropies in the case of phospholipids in the liquidcrystalline (Lc,) state may point to the influences of order fluctuations on the relaxation, in which local internal motions of the chains produce a residual EFG tensor whose principal values and principal axes may vary as a function of the chain position,21 or from system to system. The possible influences of such order fluctuations on the relaxation was first explicitly pointed out in an earlier paper8 and was anticipated by the work of McConnell!.7 as well as Chan and co-workers.
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It appears that specific carbon segments may exhibit a relatively small orientation dependence of the relaxation; whereas other segments of the acyl chains have a more substantial angular anisotropy.27,33 The variation of the orientational anisotropy with segment position also differs from that observed in 2H NMR investigations of the dynamics of more highly ordered n-alkanes in urea clathrate inclusion compounds, 106 or for cholesterol in phospholipid membranes.
38 .59.6O We note that investigations utilizing phospholipids with perdeuterated chains are advantageous in that they enable the angular anisotropy for multiple segments of the acyl chains to be determined simultaneously.
As might be anticipated, the success of the different theoretical models in accounting for experimental data matches closely the total number of parameters available for numerical fitting of the results. This observation may have been overlooked by some investigators. The results of fitting the angularly dependent spin-lattice relaxation rates to various motional models (cf. Sec. II C) can be summarized briefly as follows. First, a model for local segmental motions formulated in terms of rotational diffusion 19 yields the best fit to the angular anisotropy of the R\ii relaxation rates as a function of position along the entire chain (index i). This is perhaps expected since the model has the greatest number of variables (totalling 18 adjustable parameters in the case of DLPC-d 46 ). Secondly, the noncollective molecular model (having a minimum of three adjustable parameters) can also explain the experimental relaxation rates equally well for the methylene groups of the acyl chains, with a greater deviation for the methyl terminus due to neglect of internal motions, such as rotation about the methyl C 3 axis. Introduction of an additional constant parameter due to local motions can obviously yield further improvement in the fits. Finally, the simple collective model for fluctuations of the acyl segments within the membrane hydrocarbon interior (having only one adjustable parameter) significantly overestimates the angular anisotropy, and probably represents an oversimplification. Because the latter model has only a single adjustable parameter, and only small-angle order fluctuations are considered, this is perhaps not too surprising. At present it appears that one or another of the motional formulations can explain certain features of published relaxation data, and some authors have chosen to be rather selective in this regard.
C. Further comments regarding interpretation of nuclear spin relaxation rates
Thus to further distinguish among the various treatments, it is perhaps reasonable to ask the following question: which aspects of current knowledge are relatively less model dependent ("model-free") and provide a basis for more specific formulations? One such feature is based on empirical correlation of the observed RW. relaxation rate profiles and order profiles Isgbl. Experimentally, the rate of relaxation is observed to increase with the quadrupolar splitting along the chain (Fig. 5) . In addition, a square-law functional dependence of the 2H NMR observables is found to a good degree of approximation, which is independent of any interpretative framework (Fig. 10) . The latter observation 28 is a simple consequence of Fermi's golden rule applied to nuclear spin relaxation. It is consistent with, but does not prove, an interpretation in terms of order fluctuations due to slow motions, viz. noncollective molecular motions or alternately collective disturbances of the hydrocarbon chains. Such order fluctuations modulate the residual EFG tensor, e.g., the quadrupolar splitting, remaining from local motions. Whereas the slow motions provide the dominant contribution to the observed relaxation rates, the internal fast motions govern the relaxation profile along the chains, i.e., through their influence on the mean-squared amplitudes rather than the reduced spectral densities (vide supra). The order fluctuations due to the slow motions are an inherent aspect of both the noncollective and collective models. In either case, due to fast preaveraging the two coupling parameters Xeff and 'Tleff for the residual EFG tensor are a function of the chain position. Their values are related to both the observed order parameters Isgbl and the spin-lattice relaxation rates RW. and they influence the dependence of the relaxation on the chain segment position. The latter quantities are described by Eqs. (2.16) and (2.36)-(2.37) for the noncollective molecular model, and Eqs. (2.17) and (2.46) for collective order fluctuations, respectively.
A more detailed rationale for the above conclusions can be summarized briefly as follows. First, the effects of ordering on the relaxation rates can stem from either an influence on the mean-squared amplitudes or reduced spectral densities, i.e., correlation times, which enter into the relaxation expressions. 26 For either the segmental or molecular diffusion models, the influences of ordering on the correlation times represent terms in a series of Legendre polynomials which originate from the Clebsch-Gordan expansions of the Wigner rotation matrix products. The effects of ordering amount to "corrections" to the correlation times for unrestricted rotational diffusion (cf. Appendix B). Truncation at the leading term is equivalent to assuming a symmetric top approximation, viz. unrestricted rotational diffusion,33 which has been shown to exert a relatively small influence on the results calculated for 2H NMR relaxation,z8 However, for either the noncollective or collective models the meansquared amplitudes are proportional to the square of the internal second-rank order parameter, and hence to the observed values of I sgbl 2 , which strongly influence the relaxation behavior for data obtained at a given frequency. 21, 28 In the case of the noncollective molecular model, it is plausible to assume the spectral density factors F~z;:(aMD ;mwo) are nearly the same along the chain, i.e., the amplitude of the molecular motions and the diffusion parameters are approximately identical. Supposing further that the principal axes of the residual EFG tensors and the asymmetry parameter 'Tleff are roughly invariant, the meansquared amplitudes depend on the largest EFG principal value squared, viz. ¥eff' and govern the relaxation as a function of chain position. Similarly, the collective model can also predict the experimentally observed square-law plots, in which it is again assumed the amplitude of the slow motions is nearly uniform for the various chain segments. Given that the constant term Riti is small or approximately constant, then a simple square-law dependence of the R\~ and Isgbl profiles is predicted for the hydrocarbon region of the membrane, consistent with experimental observations (cf. Sec. IV).
Reference to the theoretical development illustrates specifically how the irreducible spectral densities in the laboratory frame depend on both the mean-squared amplitudes and the reduced spectral densities of the fluctuations. The noncollective and collective models for order fluctuations both assume that pre-averaging of the static EFG tensor by local segmental motions yields a residual EFG tensor, whose principal values and principal axes influence the relaxation?8,33 The noncollective molecular model is predictably richer in the range of behavior that can be described on account of the greater number of adjustable parameters, As indicated above the collective model has fewer free parameters, which places more stringent requirements on the fit to experimental data. l07 Perhaps not surprisingly, it has proven easier to criticize the formulation in terms of collective motions as opposed to the noncollective molecular model for order fluctuations, which has enlivened the relevant literature. 23 ,28,31,40,43,58 But as also mentioned the two treatments are similar insofar as they both predict the static quadrupolar coupling constant X in Eqs. They differ in that the noncollective molecular model allows for a nonzero asymmetry parameter 17eff of the residual EFG tensor, and furthermore the orientation of the internal principal axes within the molecular frame can vary, as first described by Brown and Soderman. 33 Such a molecular model can adequately explain the experimentally observed variation of both the magnitude and direction of the R IZ anisotropy in oriented membrane bilayers. 33 ,38 The collective model further assumes the residual coupling tensor is axially symmetric (17eff=O) along the chain, so that the intermediate principal axis system corresponds to a local director frame; the small-angle approximation for order-director fluctuations yields an additional influence on the R IZ relaxation anisotropy. In either case, the mean-squared amplitudes due to local motions mainly govern the dependence of the relaxation on the orientational ordering of the 2H-Iabeled segments, i.e., the profile of the relaxation rates RW. as a function of the chain position. By contrast, the reduced spectral densities due to slower motions describe how the relaxation rates vary with the resonance frequency Wo, viz. the strength of the static magnetic field Bo. Thus slower fluctuations of the chains modulate the residual EFG tensor preaveraged or left over by faster motions, and predominantly influence the frequency dependence of the observed R IZ relaxation rates. The noncollective molecular model is characterized by a superposition of Lorentzians, which is distinguished from the frequency signature of the collective model due to expansion of the local director fluctuations in terms of plane wave disturbances. 10,24 We note that interpretation of the frequency dependence of the relaxation is an entertaining subject which is amply discussed elsewhere. lo ,23,24,28,40,43 
D. Biophysical implications
According to current knowledge the properties of membrane constituents 10 may exert important influences on key cellular functions. 2 -5 ,108 First one can consider the case that the relaxation is governed by local segmental motions of the liquid-crystalline phospholipids. If segmental motions are assumed to comprise the dominant relaxation process, then the increased correlation times for the lipid acyl segments (Table II) in comparison to previous studies of n -alkanes 112, 113 indicate the DLPC bilayer hydrocarbon interior is considerably more viscous than in the case of molecules of comparable chain length in the liquid state, This conclusion is compatible with earlier fluorescence depolarization studies of membrane probes. 1l4 But we have previously argued that the magnitudes of the 2H and l3C NMR relaxation rates of lipid bilayers together with their dependence on frequency and temperature disfavor an interpretation in terms of local segmental motions,z8 Rather, as discussed above the dependence on the segmental order parameter,21 i.e., the ordering dependence, is most simply explained by an influence of relatively slow motions on the relaxation, i.e., noncollective molecular motions or collective excitations of the bilayer. The existence of these relatively slow order fluctuations is typically neglected in statistical mechanical models of membrane bilayers,77,78,1l5-117 e,g., models which utilize the segmental order parameters determined from 2H NMR spectroscopy to derive thermodynamic properties. Assuming a rather small order parameter of =0.6 for the slow dynamics leads to only small differences in equilibrium structural properties calculated using a simple diamond-lattice model. Jl8 Nonetheless, the possible occurrence of such slow motions 1,28,105 must be considered in developing realistic statistical models of membrane bilayers,115 and with regard to dynamical simulations. 47 ,48 It follows that the present research yields information regarding slow dynamical fluctuations which may influence substantially the physicochemical properties of membrane bilayers. We have shown the angular dependence of the R IZ relaxation rates can be explained to a fairly good degree of accuracy in terms of a noncollective molecular model for the reorientational dynamics. 28 Here the physical significance is contained in the order parameters and principal values of the diffusion tensor formulated in terms of the potential of mean torque, which is relevant to molecular mechanics simulations of bilayers. 31.35.47,48 By contrast, the collective formulation possesses fewer adjustable parameters and overestimates the angular anisotropy; it may be an oversimplification in this regard. Yet arguably the frequency dependence of the R lZ relaxation rates (vide supra) may be more amenable to interpretation by a collective model having a broad distribution of motional modes, e.g., for small vesicles of DMPC having specifically deuterated acyl chains. 24 Alternative interpretations of these preliminary R IZ relaxation rate data have appeared. 43 It is possible that the frequency dispersion of any collective excitations involves wavelengths appreciably greater than the bilayer thickness; alternatively the cutoff for the dispersion may be limited only by the diameter of the acyl chains. The former assumes the finite thickness of the bilayer is essentialIy immaterial and that the collective fluctuations involve two-dimensional undulations of the lamellar surface, yielding a IIw frequency dependence under certain conditions.
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119 Consequently, the longer wavelength modes occur at relatively low frequencies (kHz regime and below) and mainly influence the transverse (R 2 ) relaxation rates, whereas the relaxation in the MHz range is governed largely by molecular rotations. 23 ,42,43 This in contrast to the latter interpretation, which postulates that the collective excitations extend to higher frequencies (MHz regime) as suggested earlier.2 s A broad distribution of motions is then present, and it is less likely that modes due to molecular rotations can be identified in the case of phospholipid bilayers in the liquidcrystalline state. As first proposed based on NMR relaxation studies,IO,28 the low frequency end of the spectrum of coIIective disturbances may correspond to undulatory modes of the lamellae which can contribute to membrane repulsions, IIO with very long wavelengths limited by the macroscopic aggregate dimensions. Such two-dimensional fluctuations of the lamellar surface may fall outside the range considered here. For a three-dimensional model, neglecting the high frequency cutoff a l/Jw dispersion law is obtained, in which the relatively short wavelengths involve concerted reorientations of the molecular segments and approach the acyl diameter, possibly corresponding to short-range protrusion forces associated with repulsions between the lamellae. II I
In the above formulations, knowledge of the faster internal motions is largely reflected in the principal values and principal axes of the residual EFG tensors of the various acyl segments. Previous investigations lO ,2s,29,104 have extrapolated 2H NMR or 13C NMR spin-lattice relaxation rates to zero ordering 28 or infinite frequencylO to estimate the contributions from fast internal motions to the observed relaxation rates. From the data in Fig. 10 , the average intercept for the experimentally investigated bilayer orientations yields a contribution of Riti = 2 s -I, in good agreement with previous estimates. Given the relaxation is due to slower order fluctuations, due either to molecular or collective motions, then the relatively small contribution from the internal dynamics of the hydrocarbon chains implies that the microviscosity of the bilayer interior corresponds essentially to liquid hydrocarbon. In other words, the local microviscosity of the bilayer hydrocarbon region, where a bulk viscosity cannot be measured, is essentially equivalent to liquid n-alkanes having a macroscopic viscosity on the order of a few centipoise (cP)! Consequently, the membrane lipid/water interface may be very important with regard to membrane properties, including phenomena such as lateral diffusion of membrane lipids and proteins. These previous conclusions 10,28 now appear to find support in dynamics simulations of membrane lipid bilayers. 31 . 47 ,48 In contrast, the more recent treatment of HaIIe 43 predicts a tenfold larger value of R\"i (=21.4 s -I) and leads to a rather dissimilar physical picture. Thus differences in the 2H and 13C NMR relaxation rates of liquidcrystalline phospholipid lamellar phases versus simple paraffinic liquids may arise from the ordering-and frequencydependent enhancement of the relaxation within the MHz regime, due to relatively slow motions of a noncolIective or collective nature. The introduction of new complementary methods such as dynamic neutron scatteringl02.103 can provide additional valuable knowledge of such dynamical fluctuations in the future.
From the standpoint of NMR techniques as applied to membrane constituents, the following closing remarks are worth noting. A limitation inherent in the present investigation is that the angular dependence of R IZ is a weighted sum due to the two spectral densities J 1 (Wo) and J 2(2wO)' Determination of the individual spectral densities as pioneered by VoId and Vold 73 has been shown to be an important feature in testing proposed lipid motional models. 15 For example, there may be multiple solutions to the angular dependence of R IZ which would not fit the dependence of J I (Wo) and J 2(2Wo) simultaneously. Recent preliminary reports on DMPC/ cholesterol mixtures have shown that the two relaxation rates R IZ and R IQ (Le., quadrupolar order relaxation) have dramatically different angular dependencies. 15 As R 1 Q is proportional to J I (wo) alone, a more critical test involves determination of the orientational dependencies of both R IZ and R IQ , and consequently J 1 (Wo) and J 2 (2Wo). In the future, such angularly anisotropic investigations of relaxation in conjunction with frequency dependent studies can provide extensive constraints for any proposed motional models describing lipid dynamics in bilayers.
tional diffusion within a potential of mean torque, the irreducible spectral densities in the laboratory frame can be expressed by,s.33
In Eq. (Al) the terms in the first summations, i.e., Iq and Iql of the text, are indicated explicitly. Here, the Euler angles n i =(ai,/3i,yJ and projection indices (m',m) correspond to generalized active transformations of the physical system with respect to the coordinate frames, where i = I, 2, or 3. Elements of the Wigner rotation matrix are denoted by D~~m(nJ and the corresponding reduced rotation matrix elements are indicated by d~~rn(/3i)' where j is the angular momentum. 6S The angles 0, describe the time-independent J::)(mwo) = 2: 2: ID~)(n,)lZF~~\n2;mwo)ID~;,:(n3)1Z, p n rotation of the EFG tensor to the principal axis system (PAS) of the diffusion tensor; the angles n 2 (t) refer to the timedependent transformation between the frames of the diffusion tensor and the director; and the angles n3 describe the fixed transformation between the director and the static external magnetic field. The correspondence of the indices in Eq. (A 1) to those in Secs. II B and II C depend on the model employed. For the segmental diffusion model the indices (p,n)~(r,n); whereas for the molecular diffusion model (p,n)~(q,n). In the former case, the coupling parameters are related to the static quadrupolar coupling constant X and asymmetry parameter TJ; in the latter instance X and TJ are replaced by their effective values Xeff and TJeff (cf. Sec. II).
The assumption of rotational symmetry about the z axes of both the diffusion tensor and director removes cross-terms involving different indices p and n. However, cross-terms in Eq. (AI) involving the asymmetry parameter TJstill remain. 
which includes the mean-squared amplitudes and reduced spectral densities of the fluctuations. The portions of the spectral densities that are independent of the EFG asymmetry parameter TJ are contained in Eq. (A2a 
and
[The 3 -j is invariant under cyclic permutation of the columns and multiplied by (-l)j 1 + h + h for noncyclic permutation.] In addition, for m j = m2 = m3 = 0 one has that (j 1+ j2 + h) must be even. Application of the parity operator P (corresponding to inversion through the origin) yields D;-tD; and thus D~~m(D;)-t( -1)jD~~m(D;) in Eq.
(A4), so that j =even terms are invariant whereas j =odd terms change sign. 71 Using these relations it is easily shown that all j =odd terms in the Clebsch-Gordan series expansions cancel rigorously in the products of the Wigner rotation matrix elements D~~(Dl) in Eqs. (A2a) In the above expressions, the algebraic forms of the 3 -j symbols 63 are used and clearly show the parity is even. The remaining two asymmetric terms J~"''>cmwo) and J;;) (mwo) are evaluated below. Equation (A2c) can be expanded to yield the result that where the parity is even. Similarly Eq. (A2d) can be expanded in a Clebsch-Gordan series resulting in
where the imaginary part (j=odd) cancels in the sum. The first 3-j symbol on the right is nonzero only for j=2,4 enabling Eq. (A II) to be rewritten in closed form as 
. (2) 
In Eq. (B4) a change in sign of either the primed (m') or unprimed (m) indices is equivalent to application of the parity operator P according to Eq. (AS). The coefficients are provided in algebraic form by Buckmaster et al. 63 and are indicated below
The mean-squared moduli of the Wigner rotation matrix elements <ID~~)(D2)12)=<[d~~) (,82 Table V by setting the odd Legendre polynomials equal to zero. As a rule, for an even potential only the j =0,2,4 terms are nonzero; whereas in the case of an odd potential there are both even and odd rank Legendre polynomials. The behavior of the mean-squared amplitudes G~~(D2;O) as a function of the order parameter (db~(,82» is described by the generalized plots in Fig. I case of an even potential the odd polynomials vanish, and thus G~~(D2 ;0) = G~(lnl(D2 ;0) = G~~)(D2 Equivalently, the reduced spectral densities can be written as an infinite series of Lorentzians,
(2.k)
. (2) (ii) AltemativeIy28.75 one can utilize the first nonzero eigenvalue in the effective correlation times with a~~,k) -+ a~~); additional terms can be included.
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The zero-frequency spectral densities calculated using this approximation agree well with the exact results,75 although one can also use the full summations given by Eqs. (B7) and (B8). (iii) Another possibility is to require that the effective correlation time given by the area under the correlation function is exact, leading to the construction of time-dependent Pade approximants as described by Lipari and Szabo. 127 Here the zerofrequency spectral densities correspond to the exact solutions. For the limiting case of a rectangular potential with infinite, reflecting barriers (diffusion in a cone) one obtains highly accurate closed-form expressions; again numerical solution is required in general. 127 (iv) A final approach is to require that the initial slopes of the correlation functions represent the exact results. 79 The initial values of the spectral densities in the frequency domain do not correspond to the exact solutions; whereas the areas are accurate and the limItmg lIw 2 dependence is reproduced. Consequently, 11 7~~,k) -+ 1I7~~) in which the reciprocal effective correlation Table lof Ref. 79. times are related to the weighted sums of the reciprocal time constants or eigenvalues obtained by solving the diffusion equation for an arbitrary potential (vide infra). This latter approximation is applicable to NMR relaxation measurements, and is sufficient for the present purposes. Within the single exponential approximation (iv), analytical solutions for the time constants 79 are then obtained for an arbitrary potential U(cos /32) as a function of the order parameters (d~d(/32»=(P/cos fi2». The effective correlation times -fp2J corresponding to the infinite exponential or Here the effective reciprocal time constants a~2J are given by (2) =" c (2,k) 
where the 3-j coefficients are utilized in Eq. (B l4b). Expressions for the moments JLpn as a function of the order parameters (d~d(/32» for a general potential of mean torque are given in Table VI, in which (m' ,m)=.(p,n) and /3=' fi2, and enable the inherent symmetry relations to be easily seen. From Eqs. (B4)-(B5) and (B 14) the moments JLpn have identical symmetries to the mean-squared moduli (ID:;'/(n2)12>=([di,~>CB2)12>. For the general case of a potential having terms with odd parity, both even and odd j terms are present in the expansions of the effective correlation times ~~); whereas for a potential having even parity only eren j terms appear.28 The reduced effective time constants bi,/= 61 a~~) as a function of the order parameter (dli/(f12) are described by the generalized plots in Fig. II where (m',m)=(p,n) shows that the weighted sum of reciprocal time constants or eigenvalues in Eq. (B 10) replaces the predominantly biexponential behavior for the (0,0), (0,2), and ( I , I) modes, and proves superior to the first non-zero eigenvalue approximation utilized earlier by this group. 28, 33, 38 It follows that the mean-squared amplitudes and reduced spectral densities of the functions F~7/(n2 ;mwo) can be factored into terms that are of even or odd parity, i.e., even or odd functions 130 with respect to inversion through the origin. From Eq. (B3) these can be written as 
where the parity of the j~~)(n2 ;mwo) is governed by the effective correlation times ~~ (BI6) implies that F~)(n2;mwO)even =Fj;I'lnl(n 2 ;mwo)even. The higher symmetry of a lipid bilayer (D xh ) in comparison to a monolayer was missed by Halle;B who apparently overlooked the well-known fact that the "up" and "down" orientations of the director are indistinguishableYI Consequently, the maximum number of modes observable using NMR relaxation is reduced from 13 to 9, and is the same regardless of whether an even 28 or odd 15 .43 potential of mean torque is utilized. The relative insensitivity of the 2H NMR relaxation to the form of the potential was noted long ago.1 8 ,72 Due to the overall even parity of the laboratory frame spectral densities J m(mwO) with respect to the magnetic field Bo, only j=even terms are included in the D3==DDL transformation.
